In this work, the exceptionally improved sensing capability of highly porous 3-D hybrid ceramic networks with respect to reducing gases is demonstrated for the first time. The 3-D hybrid ceramic networks are based on metal oxides Me= Fe, Cu, Al) doped and alloyed zinc oxide tetrapods (ZnO-T) forming numerous heterojunctions. A change in morphology of the samples and formation of different complex microstructures is achieved by mixing the metallic (Fe, Cu, Al) microparticles with ZnO tetrapods grown by flame transport synthesis (FTS) approach with different weight ratios (ZnO:Me, e.g., 20:1) and followed by subsequent thermal annealing them in air. The gas sensing studies reveal the possibility to control and change/tune the selectivity of the materials, depending on the elemental content ratio and the type of the added metal oxide in 3-D ZnO-T hybrid networks.
INTRODUCTION
Hybrid nanostructured networks from semiconducting oxides have demonstrated exceptional sensing properties with fast and highly sensitive detection of inflammable and toxic gases. [1] [2] [3] Nanoarchitectures of semiconducting oxides are becoming important advanced materials with a large variety of exceptional properties for an extensive utilization, ranging from ultraviolet (UV) and gas sensing to biomedical and catalyst applications. [2] [3] However, the rapid progress in nanotechnologies includes the continuous search of novel materials with new and unique functionalities, which is in focus of many research groups around the world. [1] [2] [3] [4] [5] [6] In this context, fabrication of three-dimensional (3-D) networks of interconnected ZnO tetrapods (ZnO-T) has been a very important step for progress in engineering, science and nanotechnology. 1, [3] [4] [6] [7] [8] Recently the research group of Rainer Adelung has demonstrated a fast and simple synthesis of highly porous interconnected ZnO-T networks by a crucible flame transport synthesis (C-FTS) approach and burner flame transport synthesis (B-FTS).
1, 3-
4 The B-FTS approach can be characterized by a rapid synthesis process in only 3-5 s of highly crystalline interconnected ZnO nanotetrapod-network. 1 Such metal oxide networks have shown excellent multifunctional and further attractive properties, including fast and sensitive UV detection, as well as significant photocatalytic activity. 1, 3 Due to a specific mechanism originating from the interconnected arms in the network, a very fast response with respect to UV photons can be obtained for photosensing applications. 1, 3 However, the larger dimensions of the C-FTS tetrapods (arm thickness ~ 1 µm, length ~ 10 µm) leads to a relatively poor gas sensing response for such 3-D network based devices. 3 In this context, the formation of nano-heterojunctions proved to be a very efficient approach to drastically improve the gas response of semiconducting oxides nano-and microstructures. [9] [10] For example, Park et al. 11 demonstrated a strategy for creating an airbridge-structured CuO and ZnO nanowire array platform for achieving reliable distinction between H2, CO and NO2 gases. Choi et al. 9 reported on an excellent potential of ZnO-SnO2 nanofiber-nanowire heterostructures for reproducible sensing of ppm level of NO2 and CO gases by modulation of the potential barrier at heterojunctions interface. Also, highly sensitive H2 gas sensors were elaborated for detection of sub-ppm level by using ZnO-SnO2 nanofibers. 10 A bifunctional sensing mechanism was proposed to explain such ultra-high gas response, which includes the modulation of the potential barrier at SnO2-SnO2 interface and ZnO-SnO2 heterojunction. 10 Also, the enhanced gas sensing properties of the non-planar p-p (CuO/Cu2O) heterojunctions with an excellent selectivity to ethanol vapour and to hydrogen gas after doping with Zn have been recently demonstrated by Lupan et al. [12] [13] Thus, inspired by the expected higher efficiency of heterojunctions for more reliable and highly sensitive and selective gas detection, and also due to the possibility of combining a large variety of semiconducting oxides for formation of n-n, n-p and p-p heterojunctions, a new approach to fabricate ZnO-T-MexOy and ZnO-T-ZnxMe1-xOy heterojunctions is investigated and proposed in the present work. By mixing the metal microparticles powder with ZnO-T using the C-FTS approach, different 3-D interconnected ZnO-T-MexOy and ZnO-T-ZnxMe1-xOy hybrid networks were successfully obtained. 4 Morphological, structural, electrical and mechanical strength properties were reported in a previous article. 4 In present work, we report for the first time on gas sensing performances of the ZnO-TFe2O3, ZnO-T-CuO and ZnO-T-ZnAl2O4 highly porous interconnected 3-D hybrid networks.
Additionally, the possibility to considerably improve the gas response and to change/tune the gas selectivity of the ZnO-T networks is discussed based on the catalytic properties of the included metal oxides and the additionally formed potential barriers between the heterojunctions. The gas sensing studies revealed an enhanced selectivity of the ZnO-TZnAl2O4 hybrid networks with respect to H2 and CH4 gases, which is dependent on the Al concentration. The investigations demonstrated the possibility to tune/change the sensitivity from H2 gas to ethanol vapour for ZnO-T-CuO, as well as to improve the response and selectivity with respect to CH4 gas for ZnO-T-ZnAl2O4 networks with ratio 10:1.
Calculations based on the density functional theory (DFT) have been performed to understand the interaction mechanisms between different gas molecules and the hybrid networks.
Furthermore, a gas sensing mechanism based on the modulation of potential barriers at heterojunction interfaces has been developed.
EXPERIMENTAL SECTION
The MexOy and ZnxMe1-xOy doped and alloyed ZnO-T hybrid networks with high porosity were obtained by mixing in different weight ratios ZnO-T (produced by C-FTS approach) with Me (Me = Fe, Cu, Al) and followed by subsequent thermal annealing in air in a furnace at 1150 C for 5 h. 4 The produced samples were fully characterized by X-ray diffraction (XRD), micro-Raman, diffuse reflectance, photoluminescence (PL) and PL excitation (PLE) by using the experimental set-ups described in Supporting Information Text S1.
The sensor structures were fabricated according to the procedure described in a previous work. [3] [4] [12] [13] [14] As above mentioned, before the integration of ZnO-T-MexOy and ZnO-TZnxMe1-xOy (Me = Fe, Cu, Al) hybrid networks into the sensor structure, the as-produced samples were subjected to thermal annealing in an electrical furnace at 1150 ºC for 5 h in air.
This process intends to promote a higher interconnectivity between the tetrapods and oxidize metal microparticles by attaching them firmly to the ZnO-T network. A width of 100 µm was used between the two gold contacts on a pre-patterned Au/Cr/glass template. The gas sensing measurement procedures were realized following the same procedure described in previous reported works. 3, [12] [13] [14] Concentration of all tested gases (H2, ethanol vapour (EtOH), CO and CH4) was 100 ppm, as in previous works. 3, 15 The relative humidity (RH) value during the measurements was set at normal ambient conditions of 30% RH, and was continuously measured by a standard hygrometer inside the test chamber. The gas response was calculated as the ratio between the electrical current under gas exposure (Igas) and the electrical current through the sensor in the ambient air (Iair).
Computational Details
First-principles calculations on the Density Functional Theory (DFT) with the planewave pseudo-potential method [16] [17] [18] were performed, as implemented in the Vienna Ab-initio Simulation Package (VASP). 19 The projector augmented wave method was applied to describe the interaction between ions and electrons, 20 and the non-local exchange correlation energy was evaluated using the Perdew−Burke−Ernzerhof functional. 21 The geometry of atomic structures was optimised using the tetrahedron method with Blöchl correction 22 and the positions of all the atoms in the cell were fully relaxed until the atomic forces on each ion were less than 0.01 eV/Å. While modelling the interactions of the molecules with the surfaces, we used the implementation of the DFT-D2 approach described by Grimme 23 to account for long-range dispersion forces.
The bulk ZnO structure was modeled using an energy cut-off 400 eV and a 6×6×4 kpoint grid by the Monkhorst-Pack method 24 for Brillouin zone sampling. For surface calculations, our model consists of six bilayers in which we have kept fixed the lower four bilayers in their optimized bulk positions to resemble the bulk material, while the atoms in the upper two bilayers were allowed to relax unconstrainedly to model the surface. A vacuum region of 12.5 Å was found to be sufficient to avoid interactions between periodic slabs in the z-direction and a 3×3×1 k-point grid from the Monkhorst−Pack method 24 was determined to
give converged data for the surface calculations.
The isolated molecules were modeled in the centre of individual broken symmetry cells with lattice constants of 20 Å, sampling just the gamma-point of the Brillouin zone with the uniform accuracy parameters as for the surfaces. The binding energy per molecule was computed from the relation Eads = Esurf+mol − (Esurf + Emol), where Esurf+mol is the total energy of the adsorbate-substrate system, Esurf represents the energy of the naked surface slab, and Emol is the energy of the isolated molecule. Within the definition, a negative binding energy shows an exothermic process.
RESULTS AND DISCUSSIONS

Morphology of ZnO-T-MexOy and ZnO-T-ZnxMe1-xOy 3-D hybrid networks
The characterization of pristine ZnO-T networks was performed in detail in previous works [3] [4] and by using the experimental set-ups described in Supporting Information Text S1. Figure S1 ). The size of the tetrapods is in the range of 10 -100 μm, while the diameter of the nano-and microparticles is in the range of 0.1 -5 μm (for ZnO:Fe with weight ratio 20:1). The formation of interconnections among the arms of the tetrapods is depicted in Figure S1a . The hexagonal shape of arms of pristine ZnO tetrapods disappeared after doping-alloying with Fe ( Figure S1b) , and a more pronounced layered structure of the arms can be observed. 4 In case of ZnO-T-CuO (ZnO:Cu (20:1)) hybrid networks, a more evidenced change in morphology of the tetrapods was observed (Figure 1c,d) . network samples (see Figure S6 and Figure S7 , respectively) and the previously reported XRD analysis 4 it can be concluded that the formed microstructures were assigned to copper oxide and ZnAl2O4, respectively, forming ZnO-T-CuO and ZnO-T-ZnAl2O4 hybrid ceramic networks.
Photoluminescence and micro-Raman investigations on ZnO-T-MexOy and ZnO-T-
ZnxMe1-xOy 3-D hybrid networks
Photoluminescence (PL) spectroscopy was carried out to evaluate the optical active defects in the ZnO-T-Fe2O3, ZnO-T-CuO and ZnO-T-ZnAl2O4 hybrid networks. The presence of bulk and surface defects and the balance between the recombination/trapping of the photogenerated carriers is known to be of upmost importance in the developed materials for gas sensing applications. [26] [27] [28] Figure 2a presents the room-temperature (RT) normalized PL spectra of the investigated samples which are mainly dominated by visible broad emission bands. Thus, for the formed hybrid ceramic networks the intensity of the near band edge emission (NBE) in the UV range at RT is considerably reduced compared to the visible luminescence. In the case of Al-alloyed-doped ZnO-T after thermal annealing of the networks at 1150 °C for 5 h, the formation of ZnAl2O4 is highly possible as per Equation 1:
where one monolayer of Al2O3 consumes one atomic layer of ZnO. [29] [30] The formation of ZnAl2O4 crystalline phase was also confirmed by XRD measurements in our previous work. 4 Nevertheless, using photon excitation above the bandgap energies of both ZnO and ZnAl2O4 crystalline hosts (3.3 eV and 3.8 eV, respectively) no NBE from both materials was detected at RT.
The bands from the visible region are quite complex due to native, MexOy and ZnxMe1-xOy induced defects in ZnO-T. Often, such broad unstructured emission bands in ZnO cover the blue, green, yellow, orange and red spectral zones 27, 31 and are frequently assigned to native defects such as oxygen vacancy (VO), [32] [33] zinc vacancy (VZn), 32 oxygen interstitials (Oi ), 34 zinc interstitials (Zni) and their complexes. 27, 35 Moreover, the PL of the ZnO-T-ZnAl2O4 samples was shown to be strongly dependent on the excitation spot (plots (3) and (4) from Figure 2a ) revealing that the optically active defects are inhomogeneously distributed.
However, many groups have shown that the generated defects in ZnO micro-and nanostructures, as a cause of thermal annealing, doping, ball-milling treatment, etc., can greatly improve the gas, catalytic and UV sensing performances. [27] [28] [36] [37] The samples' PL properties of the hybrid ceramic networks, ZnO-T-MexOy and ZnO-TZnxMe1-xOy, were further studied from 10 K to 300 K using above bandgap excitation as indicated in Figure S8a -c. With the used excitation conditions, and as commonly observed in bulk, thin films and ZnO micro-nanostructures, the vibronic assisted structured green emission was identified at low temperatures in all the studied networks, as displayed in reported by Nobis et al. 41 , ZnO micro-nanostructures are known to behave as optical resonators and spectral modulation of the visible defect-related broad bands through whispery gallery modes (WGM). 41 As seen in Figure 2b , on the low energy side of the green emission other unstructured broad bands in the orange and red spectral regions were identified, namely for the Al-doped and Al-alloyed ZnO-T-ZnAl2O4 hybrid sample, showing that the emitting defects are inhomogeneously distributed in the synthesized network. The Fe-doped and ZnO-T-Fe2O3 samples exhibit a low energy shift for the peak position of the green emission with the main emission peaked at 2.2 eV, likely due to the overlap of emitting centers in the green, orange and red spectral zones. The PL intensity of the green spectral region was found to decrease with increasing temperatures being, however, dependent on the overlap degree with the low energy broad bands. More details on PL measurements are presented in Figure S9 . Besides deep level emission, at low temperatures all the studied networks exhibit donor bound exciton emission in the UV spectral region. The PL intensity of all optically active defects thermally quenches with increasing temperature releasing free carriers that are expected to influence heterostructure band bending and, consequently, the gas sensing mechanisms.
The vibrational properties of ZnO-T can greatly influence the device performance. 26 Thus, micro-Raman measurements can provide useful information about material quality. Figure 3 depicts the RT micro-Raman spectra of the studied samples. The spectra acquired for two different spots are shown for each sample. All the analysed samples indicate the typical vibrational modes close to the ZnO wurtzite structure. 42 It should be pointed out that second order Raman bands were observed in all the network samples, this process being typically activated by lattice disorder and resonant excitation conditions. The Cu-doped and ZnO-T-CuO hybrid networks show the most significant differences when different samples are being compared (Figure 3b ). The spectra is dominated by an intense broad and assymetric band that is located at about 6 cm -1 below the expected value of the A1(LO) of wurtzite ZnO.
The great enhancement and the softening in the LO mode frequency indicated a scattering process mediated by a Frölich interaction under resonance conditions. 43 The frequencies of the Frölich mediated mode can be tuned between the TO and LO frequencies and are strongly dependent on the environment of the host material lattice. [44] [45] ZnO-T-CuO hybrid networks, the subgap absorption bands can be clearly identified in the reflectance spectra. Fe-doped ZnO is known to exhibit subgap excitation [47] [48] resulting in the well-structured red PL at low temperatures shown in Figure 2b and S9a. The most prominent identification is related with the ZnO-T-CuO hybrid networks where a broad ZnO subgap absorption band was identified in the reflectance spectra confirming that Raman scattering was performed under resonant conditions when the 442 nm (2.8 eV) laser line was used as excitation source, resulting in Raman spectra dominated by high intensity LO phonon mode as shown in Figure 3b . Since additional crystalline phases were promoted in the produced hybrid ZnO-T samples, at this stage we cannot rule out that the subgap absorption bands in the ZnO-T-CuO, ZnO-T-Fe2O3, and ZnO-T-ZnAl2O4 samples could also be related with bulk optical defects in the additional CuO, ZnO-T-Fe2O3, and ZnAl2O4 crystalline phases identified by XRD in the composites 4 and with the randomly distributed heterojunctions. Similarly, surface states could also contribute to observed absorption bands, located at lower energies than the ZnO energy band gap. If this is the case, these sates have high probability to be thermally populated at the sensor operating temperatures. As a consequence the surface potential is changed, leading to a renormalization of the Fermi level and consequently the configuration of the energy bands at the interfaces of ZnO-T-MexOy and ZnO-ZnxMe1-xOy can be dramatically modified affecting the charge transfer and consequently the amount of O -adsorbated at the surface, influencing the behavior observed in the dependence of the gas response with the operating temperature. Therefore, the balance between the trapping and releasing of free carriers by the host defects, surface states and formed heterojunctions assumes an important role in the gas sensing properties. Figure 5 shows the data on the gas response versus operating temperature (OPT) of the studied 3-D hybrid ceramic networks samples. For all samples, the typical bell-shape dependency of the gas response on operating temperature was observed which is strongly dependent on the type of adsorbed oxygen species on the surface of semiconducting oxides.
Gas sensing properties of 3-D hybrid ceramic networks
14, 49-50 At low operating temperatures (< 175 ºC) the gas response is relatively low due to insufficient thermal energy for the reaction of the tested gas molecules with the adsorbed oxygen species (in this temperature range mainly oxygen species O2 -are adsorbed on the surface of metal oxides). 3, [49] [50] [51] With an increase in the operating temperature, the O2 -are converted to O -and the thermal energy is enough to overcome the activation energy barrier
for the reaction of the tested gas molecules with the adsorbed O -. 49, 51 However, with a further increase in temperature, the competing desorption of the adsorbed oxygen species leads to the decrease in gas response. 49 Different values of optimal operating temperatures in the investigated samples can be attributed to the different catalytic properties of the added materials (CuO, Fe2O3 and ZnAl2O4), which will be discussed in the gas sensing mechanism section.
The gas response of the sensors based on the ZnO-T-Fe2O3 (ZnO:Fe (20:1)) hybrid networks is presented in Figure 5a . The responses only to H2 gas and ethanol vapour, with values of SH2 ~ 1.76 at an optimal OPT of 300 C and a gas response SEtOH ~ 2.1 at an optimal OPT of 250 C have been detected. Thus, sensors based on the ZnO-T-Fe2O3 3-D hybrid networks haven't been further investigated due to their not so noticeable results compared to other MexOy and ZnxMe1-xOy doped and alloyed ZnO-T and due to the low selectivity factor to ethanol vapour (SEtOH/SH2 ~ 1.6 at OPT of 250 C).
For the ZnO-T-CuO (ZnO:Cu (20:1)) hybrid networks based sensors, as in the case of ZnO-T-Fe2O3, only gas responses to H2 gas and ethanol vapour were detected and the corresponding results are presented in Figure 5b . The optimal OPT for the H2 gas sensing is 375 C with SH2 ~ 2.37, while for ethanol vapours sensing is 350 C with SEtOH ~ 4.31. The selectivity factor for the ethanol vapour is SEtOH/SH2 ~ 3.1, demonstrating a good selectivity of the ZnO-T-CuO hybrid networks for ethanol vapour sensing. In general, ethanol molecules (C2H5OH) react with chemisorbed oxygen from the surface of ZnO-T (Equation (2)) 9 :
leading to a resistance decrease of n-type semiconducting oxides. In the case of samples with higher content of Cu (ZnO:Cu (10:1)) no significant gas response with p-type behaviour (resistance increased after introduction of reducing gases) was observed, see Figure S10a .
Such samples were not further investigated further due to their high instability. This can be explained by the large amount of copper oxide that resulted onto the surface of ZnO-T that is being formed while CuO-alloying. 4 Due to specific surface conduction mechanism of p-type semiconducting oxides, the gas sensing mechanism is dominated by copper oxide. [12] [13] [14] It can be observed from Figure 5c , that the highest gas response of ZnO-T-ZnAl2O4
(ZnO:Al (20:1)) hybrid networks was obtained for H2 gas, SH2 ~ 7.5, at an OPT 250 C. The gas response to CO, C2H5OH vapour and CH4 gas was 1.3, 2.1 and 2.5, respectively. These results highlight the good selectivity to hydrogen gas of the ZnO tetrapod networks doped and alloyed with lower content of Al at an OPT of 250 C. At exposure of the sensor to H2 gas, the following reaction takes place (Equation (3)):
Thus, the released electrons will contribute to a decrease in resistance of the n-ZnO-T networks. 9 The selectivity factors are SH2/SCH4 ~ 2.26, SH2/SEtOH ~ 3.7 and SH2/SCO ~ 3.1 for ZnO-T-ZnAl2O4 (ZnO:Al (20:1)) hybrid networks. The optimal OPT for C2H5OH vapour sensing is 225 C, which is lower than the optimal OPT for H2 gas, but the ethanol vapour
response is yet much lower than for H2 gas (2.59 in comparison with 5.53, respectively). The optimal OPT for CH4 gas is at 300 C which is higher than the OPT for ethanol vapour and the H2 gas detection regime, with a response of S ~ 3.21 for the investigated samples. This response is lower than that for H2 gas (S ~ 6.2), at the respective OPT for the ZnO-T-ZnAl2O4
(ZnO:Al (20:1)) hybrid networks. Figure 5d shows the gas sensing results for ZnO-T networks doped and alloyed with a higher content of Al (ZnO:Al (10:1)). The highest gas response was obtained for CH4 gas, SCH4 ~ 28 at an OPT of 300 C, while the gas response to CO, ethanol vapour and H2 gas at the same OPT were 4.95, 4.0 and 4.6, respectively. Thus, by increasing the content of ZnAl2O4, the optimal OPT for CH4 remained the same while for other tested gases it changed.
These results highlight the change in selectivity from H2 gas for ZnO:Al (20:1) to CH4 gas for ZnO:Al (10:1) networks, by a significant increase in CH4 gas response, from 2.5 to 28, respectively. The reaction process of CH4 gas molecules with chemisorbed oxygen can be described by the following reaction (Equation (4)):
The selectivity factors for CH4 gas at an OPT of 300 ˚C are SCH4/SH2 ~ 6.1, SCH4/SEtOH ~ 7
and SCH4/SCO ~ 5.7 for ZnO-T-ZnAl2O4 (ZnO:Al (10:1)) hybrid networks. This is higher than for hydrogen in case of ZnO:Al (20:1). The gas response to ethanol vapours was increased from 2.13 to almost 9.85, while the optimal OPT for ethanol vapours was also increased from 225 C to 350 C, which is higher than the optimal OPT for other gases and it may help in improving the selectivity of sensors. The optimal OPT values for CO and H2 gases at 275 C are SH2 ~ 9.3 and SCO ~ 13.7 for H2 and CO gases, respectively. With a further increase in ZnAl2O4 content, the gas responses were lower than 1.5 for all type of gases and have not demonstrated any selectivity, thus were excluded from present investigations.
The gas response studies of MexOy and ZnxMe1-xOy doped and alloyed ZnO-T networks based sensors are summarized in Figure 6 , at their optimal operating temperature. It can be seen (Figure 6 ) that the ZnO:Al (20:1) samples are selective to hydrogen gas, the ZnO:Al(10:1) are selective to CH4 gas, and ZnO:Cu The influence of RH on gas sensing properties of ZnO-T-MexOy and ZnO-T-ZnxMe1-xOy hybrid networks was also investigated. The fabricated sensors were tested at a higher RH value of 70%, using a bubbling system as reported previously. 12, 50 The obtained results are presented in Figure 6 and Table S3 . A decrease in gas response for all sensors was observed with an increase of the RH value to 70%. This can be explained by hydroxyl poisoning which results in a lower coverage of sensing material with oxygen species, and thereby lower electrical resistance and lower gas response. In the case of ZnO:Al (10:1) samples (with higher content of ZnAl2O4, see Figure 7e ,f), the τr and τd for CH4 gas response become much lower, taking 17.8 s and 21 s for the 90% of the full response and for the 10% recovery in the case of 30% RH. By increasing the RH value to 70% the τr increases to 21.8 s and τd increases to 29 s, showing the same tendency as in the case of other samples. In Table S2 all data on gas response and recovery times are summarized for all types of doped and alloyed MexOy and ZnxMe1-xOy which are presented in 
Sensing mechanism proposed for ZnO-T-MexOy and ZnO-T-ZnxMe1-xOy 3-D hybrid networks
Ionosorbtion based gas sensing mechanisms of a single and networked ZnO-T were reported in previous works.
1, 3, 53-54 Thus, to avoid repetition, here we been mainly focused on the influence of doped-and alloyed-hybrid ZnO-T networked structures on gas sensing
properties. Due to annealing of the samples at 1150 °C for 5 h in order to reach higher interconnectivity of the tetrapods, the metal doped structures are fully oxidized, forming a second semiconducting oxide phase in the ZnO-T samples (MexOy and/or ZnxMe1-xOy), as was confirmed here by XRD results for ZnO-T-Fe2O3 hybrid networks as well as in a previous work involving other samples. 4 The formation of heterojunctions for gas sensing applications is known to be a very efficient instrument to increase the gas sensing/response and to change/tune the selectivity. [12] [13] For example by decoration of ZnO nanowire networks with nanocrystalline Co3O4 the gas response was enhanced due to catalytic effect of Co3O4. 55 Also, recently efficient p-p heterojunctions based on CuO and Cu2O were elaborated by Lupan, et al. for efficient and reliable detection of ethanol vapours 13 or hydrogen gas by doping of copper oxides with Zn. 12 However, in our case the dimensions of ZnO-T are relatively high (in order of 1 -100 µm), which can explain the relatively low gas sensing properties of pristine ZnO-T networks 3 compared to nano-ZnO-T networks. 1 The calculated approximate width of the electron depleted region in pure ZnO was found to be in the range of 20 -50 nm. [56] [57] Thus, the local modulation of the electron depleted region of ZnO micro-structures by attaching another oxide phase cannot be the cause for the improvement of gas sensing properties to reducing gases of MexOy and ZnxMe1-xOy doped and alloyed ZnO-T networks in the present work.
From the investigations in current and previous works, 4 it can be concluded that MexOy and ZnxMe1-xOy are randomly dispersed in ZnO-T networks, forming multiple p-n (for ZnO-T-CuO) and n-n heterojunctions (for ZnO-T-ZnAl2O4 and ZnO-T-Fe2O3). The energy band diagram of the resulted heterojunctions in thermal equilibrium ( Figure S11 ) are all of type II band alignment (staggered gap). 58 This type of band alignment is very efficient for electron and hole separation on different sides of heterojunctions. 58 The resulted potential barriers formed at these heterojunctions increase the sensors resistance, which has been already demonstrated by electrical measurements, 4 and it is consistent with literature results.
59-60
Thus, improved gas response properties of developed sensorial materials can be associated to additional modulation of resistance by potential barriers between n-n and n-p heterojunctions in hybrid networks, during adsorption and desorption of gaseous species from the surfaces (Figure 8 ). networks. In the case of ZnO-T-ZnAl2O4 hybrid networks, the lower content of ZnAl2O4 resulted in good selectivity to H2 gas, while higher content of ZnAl2O4 leads to high selectivity to CH4 gas. Thus, we can conclude that low content of ZnAl2O4 only enhance the H2 gas response of the ZnO-T by additional created potential barriers, while higher content of ZnAl2O4 give rise to more accentuated catalytic reactions. Also, the layered morphology of these structures promotes a larger surface area of such networks, which lead to higher coverage with oxygen species. It is hard to obtain a clear image about gas sensing properties of ZnAl2O4 or ZnAl2O4-ZnO heterostructures, due to insufficient information in literature.
ZnAl2O4 is known to be a good catalytic material with 3.8 eV optical bandgap 63 and high thermal and chemical stability. 64 Methane gas is the most difficult hydrocarbon fuel to be oxidized. 64 However, recent results demonstrated good catalytic results of Ru/ZnAl2O4 for total oxidation of methane. 64 Therefore, we strongly believe that the demonstrated ZnAl2O4-ZnO heterojunction is a good candidate for selective detection of hydrocarbons and more studies are needed to elucidate gas sensing properties of this type of heterojunction.
Compared to other results on gas sensor based on ZnO-T networks (see Table 1 ), our sensors posses relatively high rapidity (shorter response/recovery time). In general, the high rapidity of tetrapod networks can be explained based on their anti-agglomeration properties which lead to high porosity with micrometric pores for quick diffusion of gas molecules and oxygen species (by molecular diffusion). 3 However, in our case the improved rapidity can be explained based on the same principles as in the case of changed selectivity, i.e. taking into account the catalytic effects of added MexOy and ZnxMe1-xOy. Because the response and recovery reactions are dependent on in-diffusion/adsoprtion/ionization of oxygen, and oxidation of tested gas molecules (Equation (2-4) ), the high rapidity of hybrid structures can be attributed to the promotion of these surface reactions by the presence of Fe2O3, CuO and ZnAl2O4.
59-61, 65
DFT study of H2, CO, CH4 and ethanol gas molecule interactions on Fe2O3, CuO and
Al2O4 doped ZnO(0001) surfaces
ZnO Bulk and ZnO(0001) Surface
We first optimized the bulk wurtzite ZnO structure and found calculated lattice parameters of a = 3.2552 Å and c = 5.2396 Å, which match well with the experimental values 66 of a = 3.2496 Å, c = 5.2901 Å and are in better agreement than an earlier theoretical study. 67 The Zn-terminated polar (0001) surfaces have been found to be the active ZnO surfaces for the adsorption of gas molecules and other surface reactions. [68] [69] We therefore modeled this surface to understand the doped ZnO tetrapods and their interaction with different gas molecules. In order to quench the macroscopic dipole associated with a non- showing the adsorption process to be a strongly exothermic reaction.
The interaction of the CO gas molecule with the Fe2O3:ZnO(0001) surface was studied by placing it near the top layer surface atoms, as well as near the Zn atoms in the second layer.
During molecule-surface interaction, the C atom binds to a surface Fe atom with a bond length of 1.971 Å, whereas it also connects with a surface oxygen atom with a bond length of 
CuO:ZnO(0001) Surface
We modeled the CuO:ZnO(0001) surface by substituting one Zn atom by one Cu atom in the ZnO(0001) surface and determined the most stable doped surface by replacing different surface Zn atoms in the first and second layer. In the relaxed structure, Cu atoms prefer to be in the topmost surface layer ( Figure S15) . We did not observe any surface reconstruction as a result of this Cu substitution, whereas the Cu atom bonds to three surface O atoms, similar to the structural bonding in the pristine ZnO (0001) MexOy and ZnxMe1-xOy have formed after thermal annealing at 1150 °C for 5 h, which was applied to form interconnected networks, were found to be a crucial factor for the improvement of sensing properties of the hybrid networks. Additional formed n-n and n-p heterojunctions lead to a more efficient modulation of the sensor resistance during adsorption and desorption of gaseous species. ZnO-T-Fe2O3 and ZnO-T-CuO hybrid networks demonstrated higher gas response to ethanol vapour, while ZnO-T-ZnAl2O4 hybrid networks demonstrated good selectivity to H2 gas (for ZnO:Al (20:1)) and to CH4 (for ZnO:Al (10:1)).
The change in selectivity was attributed to catalytic properties of the MexOy and ZnxMe1-xOy.
The gas sensing mechanism was studied in detail based on the potential barrier modulation between formed n-n and n-p heterojunctions during surface adsorption of oxygen atoms and oxidizing of the tested gas molecules. In line with experimental findings, DFT calculations
showed that ZnO-T-Al2O4 are better hybrid networks with respect to gas sensing, since the 
